BACKGROUND: Cortical and subcortical electrostimulation mapping during awake brain surgery for tumor removal is usually used to minimize deficits. OBJECTIVE: To use electrostimulation to study neuronal substrates involved in spatial awareness in humans. METHODS: Spatial neglect was studied using a line bisection task in combination with electrostimulation mapping of the right hemisphere in 50 cases. Stimulation sites were identified with Talairach coordinates. The behavioral effects induced by stimulation, especially eye movements and deviations from the median, were quantified and compared with preoperative data and a control group. RESULTS: Composite and highly individualized spatial neglect maps were generated. Both rightward and leftward deviations were induced, sometimes in the same patient but for different stimulation sites. Group analysis showed that specific and reproducible line deviations were induced by stimulation of discrete cortical areas located in the posterior part of the right superior and middle temporal gyri, inferior parietal lobe, and inferior postcentral and inferior frontal gyri (P , .05). Fiber tracking identified stimulated subcortical areas important to spare as sections of fronto-occipital and superior longitudinal II fascicles. According to preoperative and postoperative neglect battery tests, the specificity and sensitivity of intraoperative line bisection tests were 94% and 83%, respectively. CONCLUSION: In humans, discrete cortical areas that are variable in location between individuals but mainly located within the right posterior Sylvian fissure sustain visuospatial attention specifically toward the contralateral or ipsilateral space direction. Line bisection mapping was found to be a reliable method for minimizing spatial neglect caused by brain tumor surgery.
L eft unilateral neglect, characterized by the patient's failure to attend or respond to visual stimuli in the left part of the visual space, is a common neuropsychological deficit. 1 For some time, it has been accepted that these deficits occur after damage to the right parietal lobe. 2, 3 However, lesions of the frontal lobes, superior temporal gyrus, 4 cingulate gyrus, or subcortical structures have also been implicated in spatial neglect, raising the possibility that spatial neglect could result from a lesion in any part of a brain network that is specifically involved in spatial attention. 5, 6 The phenomenon of ''neglect,'' like many other brain deficiencies, is not a consistent entity but varies between individuals, with many different types described. 7 The spatial map of the human parietal lobe may actually consist of multiple different maps, eg, those coding for far and near space 8 or personal and extrapersonal space, 9 which may be encoded by different circuits.
Many different clinical tests have been used to diagnose visual neglect, but the oldest and simplest is line bisection, requiring the patient to divide a horizontal line in half. 7 Furthermore, line bisection has been used successfully in previous studies to test spatial neglect during intraoperative direct brain mapping. [10] [11] [12] In this study, electrostimulation brain mapping was used to study spatial neglect in patients operated on for various brain lesions. During brain tumor resection, it is standard clinical practice to wake the patient to identify and spare functional areas. [13] [14] [15] Electrostimulation by adjacent bipolar electrodes is effective in producing localized current flows, 16 providing a highly spatially accurate method for brain mapping. In addition, this technique is simple and safe for trained teams. 17 Stimulation-induced impairments in the function being tested indicate that the area (approximately 1 cm 2 ) beneath the electrode carries out that particular function. The aim of this study was to identify the cortical and subcortical areas in the right hemisphere involved in a line bisection task so that functional areas involved in spatial awareness could be protected, thereby preventing spatial neglect caused by brain surgery. In addition, the usefulness of mapping spatial neglect was studied in a relatively large patient sample involving both right-handed and left-handed individuals, which has never been done previously. The cortical organization of spatial neglect as tested by the line bisection test and the possibility of using this information to minimize spatial neglect defects in brain-tumor resection were analyzed on the basis of these surgical data.
MATERIAL AND METHODS

Patients
Brain mapping of the right hemisphere was used with a line bisection task to detect areas implicated in spatial neglect in 50 cases over a 6-year period (December 2003-December 2009). These 50 cases included 46 patients requiring surgery for a brain lesion, 4 of whom received 2 operations (several months apart). There were 26 male and 20 female patients with a mean age of 46.95 years (SD, 15.54; range, 17-74 years). According to the Edinburgh Handedness Inventory Test, 18 40 were right-handed (range, 10-100; mean, 80; SD, 18.42) and 6 were lefthanded (range, 215 to 2100; mean, 257; SD, 31.89). Twenty-seven patients were classified as American Society of Anesthesiologists score 1, 16 as score 2 and 4 as score 3. Comorbidities were as follows: 8 patients were receiving treatment for hypertension, 3 had asthma, and 2 had diabetes mellitus.
Brain Lesions and Surgical Procedures
The lesions were as follows: 15 operations for World Health Organization (WHO) I and II low-grade glioma, 21 operations for WHO III and IV high-grade glioma, 8 operations for metastases, and 6 operations for cavernoma. The most common presenting complaint was seizures of recent onset (32 patients), although mild sensory-motor deficit, headache, and memory difficulties were also common. A total of 37 patients underwent primary craniotomy, and 9 patients had undergone previous craniotomies for either resection (5) or biopsy (4).
Preoperative and Postoperative Testing
Basic clinical data and neurological examinations were performed by the neurosurgeons and oncologists caring for the patients. In addition, more detailed tests were conducted preoperatively and postoperatively by the resident neuropsychologist (L.B.) in the department. Neglect was evaluated with a French battery test called the Batterie d'Evaluation Négligence. 19 This consisted of a bell cancellation test, scene copying, clock drawing, 2 line bisection tasks, identification of overlapping figures, text reading, writing, and a representational task based on a map of France. For each of them, different variables were selected to investigate the difference between performance in the right and left hemispaces. Basic language tests were also performed. Postoperatively, the patients were asked to perform the same tests to detect any postoperative deficit. The results were compared with the intraoperative findings.
Rationale for the Brain Mapping Task Used During Operation
We used an intraoperative line bisection task that patients performed with their preferred hand in combination with electrostimulation of areas in the right hemisphere, which is well documented to play key roles in spatial attention processes. 7, [20] [21] [22] This task was used for several reasons. First, protecting areas involved in spatial awareness processes is of great clinical importance. The goal of successful brain tumor surgery is complete resection while avoiding any new disability that could be caused by encroaching on key functional areas. Damage to areas involved in spatial awareness processes could lead to hemineglect, which has a devastating impact on daily life, including social, professional, and common everyday activities. 23 Line bisection has also been shown to be an efficient clinical test of hemineglect, which is especially ideal in the intraoperative setting because it is simple, rapid, and accurate. [10] [11] [12] All patients and their families gave informed consent for study of their functional areas by direct brain mapping. The national consultative committee of the Institut National de la Santé et de la Recherche Médicale gave its approval for the storage of patient data and preservation of their anonymity. Data from these successive brain mappings were prospectively collected by the same team using the same protocol throughout the 6 years of the study.
Exclusion Criteria
Patients with preoperative spatial neglect were excluded from this study. Because patients with left hemianopia but no neglect tend to bisect the line leftward, 24 we excluded patients with complete hemianopia. Patients with left quadrantanopia were included if they could perform the line bisection task correctly preoperatively.
Control Group
The patients were matched (using 4 criteria: sex, age, handedness, and sociocultural level) to a control group of 46 normal subjects without neurological disease to evaluate the rationale of using the line bisection test. Normal subjects were not tested in a position similar to that of the patients (ie, in clinostatism). Previous studies have shown that although normal participants may display a slight leftward or rightward bias when bisecting horizontal lines, the cutoff is ,10% deviation in either direction from the midline. [24] [25] [26] [27] Small leftward deviations observed sometimes in control groups could be consistent with the pseudoneglect phenomenon described by some authors. 28 To better define this cutoff of deviation, we also compared intraoperative results with preoperative line bisection data collected from our patients. Thus, intraoperative results were compared first with preoperative results and second with line bisection results of a matched control group of normal subjects.
structures (gyri and sulci) were identified according to these neuronavigational data and the visual identification of the shape of gyri and sulci. Intraoperative cortical stimulations were used to localize areas of functional cortex. Before functional mapping, the afterdischarge threshold was determined by electrocorticography. The cortex was directly stimulated with the bipolar electrode of the Nimbus cortical stimulator (1-mm electrodes separated by 6 mm; Newmedic, Toulouse, France). The current amplitude was started at 2 mA and increased progressively by 1 mA. A standard procedure of stimulation was used with biphasic square wave pulses of 1-millisecond duration and 60-Hz trains, with a maximum train duration of 5 seconds.
Once fully awake, patients were asked to mark the middle of a line with their preferred hand. We used a standardized black line 25 cm long and 0.3 cm wide presented on a sheet of paper (length, 29.7 cm; width, 21 cm) aligned with the subject's horizontal line of vision. During each brain mapping session, the number of cortical areas tested depended on the size of the bone flap (relating to the tumor in question). Each cortical site tested was given a number denoting the rank order in which the sites were tested . Electrical stimulation was applied on the cortex for 1 second before the patients was asked to mark the midpoint of the line with a pencil. Stimulation continued until the patient had marked the line, a duration of , 5 seconds in most cases. When a functional site was found (detailed below), it was marked by a sterile ticket of 0.25 mm 2 before moving on to the next test site. Depending on the extension of tumor, subcortical mapping was also performed. Once the cortical mapping procedure was completed, patients were put back under a general anesthetic for the remainder of the operation.
Conditions of Validation of a Line Bisection Interference Site
To be accepted as a spatial neglect site, identified interference sites were meticulously tested at least 3 times (not consecutively). According to the cutoff of normal deviation chosen, only leftward or rightward deviations of .10% (calculation, mean of the overall sums of the calculated 3 reproducible leftward or rightward induced deviations; reference point, midline of the bisected line) from the reference point qualified as valid deviations. Cortical sites showing no reproducible line bisection task interference were not included (at least 2 line bisections of .10% of 3 tests). In cases of ambiguity, a site could be tested . 3 times.
Impact of the Cortical Mapping Procedure on Tumor Removal
Before mapping and therefore in the absence of any functional data, the surgeon decided which approach he would choose to remove the tumor and where he would place the cortectomy. This initial approach could then be modified by functional data obtained by stimulation if appropriate, ie, the presence or absence of line bisection interference sites. The overall operative policy during tumor removal was to spare line bisection areas found by electrostimulation by avoiding the resection of tissue located closer than 1 cm to any site found in the mapping task. However, it was accepted that this rule could be broken if necessary to achieve complete tumor resection. We then evaluated whether knowledge of functional data thus modified the surgical approach and, importantly, whether this had an impact on the occurrence of postoperative spatial neglect.
Tumor Volume and Extent of Resection
Tumor diameters were measured on magnetic resonance imaging (MRI) with digital calipers. The dimensions were defined visually on the basis of signal abnormalities on T1-weighted images obtained after the administration of gadolinium (for high-grade tumors) and T2-weighted images (for low-grade tumors). The extent of resection was determined by comparing MRI scans obtained before surgery with those obtained after surgery, within 48 hours for high-grade tumors and 1 month for low-grade tumors. Gross total resection was defined radiographically as the absence of contrast-enhancing tissue on T1-weighted images for high-grade gliomas and the absence of hyperintense tissue on T2-weighted images for lowgrade gliomas. Anything less than this was classified as a subtotal resection.
Fiber Tracking
Fiber tracking was performed electively in 8 patients with subcortical extension of their brain lesion before resection surgery. After operation, fiber tracking was used to identify stimulated fiber pathways in 6 more cases. Each examination was composed of diffusion tensor imaging acquisitions with 15 gradient directions followed by an anatomic T1-weighted 3-dimensional acquisition. For diffusion tensor imaging, we used a single-shot, spin-echo diffusion-weighted echo-planar imaging sequence. A diffusion weighting of 1000 s/mm 2 (high b value) was used. A reference B0 image with no diffusion weighted (b = 0 s/mm 2 ) was also recorded. The diffusion tensor imaging sequence was optimized to obtain an acceptable diffusion noise ratio (DNR) (,50) with the best spatial resolution and a short acquisition time (,10 minutes). To estimate the acquisition parameters (cubic voxel size, number of repetitions) satisfying this DNR constraint, a preliminary phantom study was performed. For each examination, diffusion tensor and measured DNR were computed, with voxel size varying between 1.5 and 3 mm (1.5, 1.9, 2.2, 2.5, 2.8, and 3 mm). The minimum voxel size that allowed DNR .50 for all acquisition schemes was 2.2 mm. Then, acquisition parameters were set as follows: echo time, 86 milliseconds; SENSE sensitivity encoding factor, 2; matrix size, 112 3 112 3 50; field of view, 245 3 245 mm ; slice thickness, 1 mm; slab, 180 mm; and CLEAR option (Philips coil-based uniformity correction) to have a homogeneous image. The fiber tracking calculations and rendering was done with Sisyphe software developed in our laboratory. The algorithm implemented was based on the deterministic tensor line method described elsewhere. 30 The following parameters were used: constant propagation step size of 1 mm, maximum angle between steps of 10°, fractional anisotropy threshold of 0.15, path length superior to 30 mm, puncture coefficient of 0.20, and no tensor exponent. We applied 12-parameter affine registration between each gradient direction image and B0 to correct eddy currents artifacts. Seed region placement for major association and projection pathways reconstructions was chosen according to methodology and prior anatomical knowledge described elsewhere.
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Data Analysis
Data were presented by referring to gyral/sulcal anatomy 14 shown on 3-dimensional brain reconstructions of the patients in addition to the Talairach coordinates of each site (O.D.). Most patients had their cortical mapping procedures videorecorded, which was helpful in reviewing data postoperatively.
Because of the brain shift during tumor removal, the Talairach coordinates were not used to localize fiber pathways. Subcortical mapping findings were correlated with intraoperative, anatomic neuronavigational data to detect which point of the brain was stimulated and its relation to a possible fascicle. Five fascicles were studied 33 : inferior longitudinal, arcuate, superior longitudinal II, inferior occipitofrontal, and pyramidal fascicles.
Statistical Analysis
Statistical analysis was performed by an independent statistician (V.L.-C.). For each stimulated zone, the percentage of responses was calculated according to the number of stimulations performed, and these values were transformed to normalize the distribution. 34 Statistical analysis was carried out with a linear mixed model to take into account nonindependent data (at least 2 cerebral areas per subject were studied) and to analyze unbalanced repeated measures. When convergence of the model was not achieved owing to a lack of observations for some cerebral area tested, we considered the area studied as the statistical unity, and then median comparisons were made with the Mann-Whitney test. The differences were significant at P , .05, and percentage values were expressed as median (interquartile range) for the Mann-Whitney test and mean (SD) for mixed model analysis. The analysis was performed with Stata 9.0 statistical software (Stata Corp, College Station, Texas).
RESULTS
Control Groups
In the line bisection task, normal participants displayed a mean deviation of 20.80% from the midpoint (based on the sum of all observed deviations; SD, 3.50; range, 28.54% to 7.92%). No significant difference in mean deviation was found between rightand left-handed subjects (P . .05). Analysis of preoperative data of the patients showed that they displayed a mean deviation of 22.10% from the midpoint (based on the sum of all observed deviations; SD, 4.5; range, 2 9.50% to 8.94%).
Operated Patients
The mean operative time was 135 minutes (range, 80 to 260 minutes; SD, 39 minutes). Mean hospital stay was 4.0 days after surgery (range, 1-18 days; SD, 0.9 days). No intraoperative complications were noted in this series. Postoperative complications included bone flap osteitis in 2 patients and superficial skin infections in 2 patients. Two of these 4 patients had previously been treated by radiotherapy. Functional postoperative findings included seizures in 2 patients, new or increased sensorymotor deficits in 4 patients, and new hemianopia in 4 patients.
The mean area of cortical exposure was 67. ). Gross total resection was achieved in 37 of the 50 operations (74%) according to postoperative MRI findings. When the extent of resection was stratified according to tumor grade, the rate of gross total resection was 14 of 21 operations for high-grade tumors (WHO grade III and IV gliomas) and 9 of 15 operations for low-grade tumors (WHO grade I and II gliomas). No residual lesion was found on postoperative MRI on 14 patients operated on for cavernoma and metastasis. Other glioma cases were subtotal or partial resections.
Line Bisection Mapping: Feasibility
Line bisection mapping was performed without any problems in each case in this series of 50 consecutive surgeries and brain mappings. None of the patients stopped the brain mapping session once started. Stimulations were applied once the patient was fully awake and after a few rehearsals of the task without stimulation. This rehearsal allowed patients to choose the best position of the sheet of paper to be able to see the whole line to bisect. The whole-line bisection mapping task was performed in ,15 minutes in all cases. There were no generalized seizures. Partial seizures were observed in 4 patients, all of which were immediately terminated by irrigation of cool Ringer lactate serum without the need for administration of intravenous antiepileptic medication. Afterdischarges on electrocorticography were commonly seen when the intensity was chosen before the beginning of formal brain mapping. In these cases, the maximal current was therefore decreased. The maximal current that did not evoke afterdischarges on electrocorticography ranged from 4.9 to 6.1 mA, the intensity remaining within a range of 1.2 mA for all 50 brain mappings.
Line Bisection Mapping Sites: General Data
A total of 993 sites (878 cortical and 115 subcortical sites) were studied in 50 brain mappings (range, 3-42 sites per case; mean, 19.86 sites per mapping). In all, 52 ''line bisection sites'' were found (5.23% of 993 sites), where stimulation caused .10% of deviation in line bisection. These were found in a total of 28 brain mappings. In the remaining 22 brain mappings, no spatial neglect interference sites were found.
Of the 52 sites causing a deviation in line bisection, 6 cortical sites were found to be related to ocular deviation in the frontal eye field, detected by the person monitoring the patient's line bisection performance. No stimulation-induced motor phenomena of the hand holding the pen (such as hand contraction or ataxia) were included in the results.
Line Bisection Sites: Type of Deviation
Electrostimulation caused deviation to the right and left, although stimulation at each given site induced deviation in 1 direction only (Figure 1) . Four patients (patients 3, 9, 17, and 19) showed both leftward and rightward induced deviations but in different cortical areas. One patient (patient 11) showed rightward deviations in cortical areas and leftward deviation in 1 subcortical area. Table 1 summarizes the number of observed line bisection sites (cortical or subcortical) and the direction of deviation (rightward or leftward) patterns in the 28 positive brain mappings. No specific differences in line bisection site results were found between left-handed and right-handed patients. In the 6 left-handed patients, rightward and leftward deviation sites were found in 2, but no sites were found in the other 4 patients.
Line Bisection Sites: Degree of Deviation
The amplitude of the observed deviations varied and seemed to depend on the stimulated sites. Overall, rightward deviations were slightly more pronounced (mean, 20.63%; SD, 3.33; range, 11%-35%) than leftward deviations (mean, 18.01%; SD, 2.24; range, 12%-25%). Calculated amplitudes of deviation were not greater in subcortical sites than in cortical sites. No hesitation, task arrest, or other phenomena (as seen in language mapping in the left hemisphere) were observed in this task.
Line Bisection Mapping Sites: Size
Line bisection interference sites were discrete (,1 cm 2 ), usually with distinct margins, with a small displacement of the electrode into an adjacent cortical area located in the same gyrus, making the interference disappear. Among the interference areas found, the majority were single sites (,1 cm 2 ) in that stimulation of areas in the immediate vicinity of these areas did not produce any effect. However, in 2 cases (patients 6 and 12), 2 positive sites were so close (neighboring sites) that the cortical surface involved in line bisection was 2 cm 2 .
Line Bisection Cortical Sites: Localization Figure 2 summarizes the results of line bisection mapping by direct stimulation obtained in 50 brain mappings. Figure 2A shows the region studied and the number of cortical stimulations per region. Group analysis found that line bisection deviation areas (without ocular deviation) were found in a significant number of right hemispheric regions: the posterior part of the superior and middle temporal gyri (P = .004), the inferior parietal lobe including the supramarginal gyrus and the angular gyri (P = .01), the postcentral gyrus (P = .04), and the inferior frontal gyrus (P = .04). Induced line bisection deviations by ocular deviations were found in the superior and middle frontal gyri in frontal eye fields. Single-subject analysis showed that although highly localized in a given patient, line bisection sites had exceedingly diverse anatomic locations throughout the population; the intraoperative Talairach coordinates of these sites varied considerably between individuals ( Table 2 ). Figure 2B shows stimulation sites positioned in the standard normalized Montreal Neurological Institute space.
No region was constantly involved in line bisection. For instance, the inferior parietal region (supramarginal and/or angular gyri) was studied 21 times; 12 brain mappings were positive (57%) in this region. Posterior parts of T1 and/or T2 gyri were studied 16 times; only 6 brain mappings (37%) were positive.
Subcortical Mapping
Subcortical mapping was performed in 18 cases. Overall, 7 line deviations were found in the 115 points studied (5.93%). Table 3 summarizes the number of stimulations and line deviations observed. Line deviation sites detected when stimulating the arcuate fasciculus were all spared. One line deviation was detected stimulating the fronto-occipital fasciculus and another in the superior longitudinal fascicle II. These detected sites had to be removed for oncological reasons (Figure 3) . No line deviations were detected stimulating the inferior longitudinal fascicle.
Line Bisection Sites: Reproducibility of Results Over Time
Four patients were operated on again after the original operation and brain mapping for recurrence of their tumor. The same mapping protocol was used. Eight line bisection interference sites were found in these patients during their original operation, but because of operative constraints (eg, recurrence of the tumor in a location separate from the original site), not all of the original line bisection interference sites could be tested again. Nevertheless, 1 line bisection site was tested again in 1 patient (patient 24) and showed the same pattern of line deviations.
Brain Mapping of Neglect: Impact on Surgical Approach
The effects of brain mapping on the planned surgical procedure were grouped into 3 categories: 1. In 22 cases, no line bisection sites were detected; therefore, no modification of the planned surgical approach was necessary. 2. In 14 cases, cortical or subcortical line bisection sites were found but had no direct impact on the planned surgery, either because the line bisection sites detected were not close to the 
Twenty-two negative spatial neglect brain mappings (no induced line bisection deviations).
ELECTROSTIMULATION NEGLECT MAPPING tumor (9 cases) or because the surgeon decided for oncological reasons that the detected line bisection sites still needed to be removed (5 cases). 3. In 14 cases, the detection of line bisection sites by cortical and subcortical mapping had a direct impact on the original planned surgery. In 8 cases, the surgeon modified the initial plan for tumor removal, trying to spare the detected line bisection areas. In 6 cases, the surgeon stopped tumor removal once a cortical or subcortical site was found.
Brain Mapping Findings and Correlation With Postoperative Neglect
Correlation was performed in all 41 cases that had preoperative and postoperative examinations to rule out any neurological deficits. We excluded a second formal neglect battery examination for 5 cases because of either postoperative fatigue or the recurrence of their malignant brain tumor that required intensification of their chemotherapy, which can negatively influence the results of the neglect battery. Four others were excluded because they were less receptive to completing the neglect testing tasks after the decision to treat their malignant tumor by chemotherapy and radiotherapy.
Of these 41 cases, 6 had postoperative spatial neglect (observed between 2 and 8 weeks after surgery), all of whom had a subcortical resection. Subcortical mapping had been performed in 4. Table 4 shows the results of postoperative spatial neglect evaluation in these 41 cases according to the results of line bisection mapping. We evaluated whether sparing the detected line bisection areas had an impact on the occurrence of postoperative neglect. According to preoperative and postoperative hemineglect examinations, the intraoperative line bisection test sensitivity (Does the patient have a hemineglect if we remove the detected line bisection areas?) was 83.33%, specificity (Does the patient have no hemineglect if we spare the detected line areas?) was 94.29%, and positive and negative predictive values were 71.43% and 97.06%, respectively (95% confidence interval). The relative risk of hemineglect when the test is negative (whether or not the detected line bisection area is removed) is 2.94.
DISCUSSION
Until now, a variety of different methods have been used to study the organization of brain structures involved in spatial awareness, including functional imaging, 20, 35 lesion studies, and animal studies. In functional imaging studies, although results may vary according to the task used, 23, 36 sites are consistently found around the intraparietal fissure and the inferior parietal lobe, especially with line bisection tasks. 20 Lesion studies 9 indicate that extrapersonal neglect could depend on a right frontal (ventral premotor cortex and middle frontal gyrus) and posterior sylvian (superior temporal, supramarginal, angular, postcentral gyri) circuit. 23, 37 In animal models, different circuits have also been detected, including those formed by the lateral parietal area and the frontal eye field 38 and those of the ventral intraparietal area and the premotor area. 39 In the monkey, ablations of the superior temporal sulcus cause contralateral spatial neglect. 40 Electrostimulation mapping in neurosurgical cases is an invaluable resource for studying the human brain while also providing the surgeon the opportunity to protect and preserve the important functional areas in question. Our single-subject analysis showed that spatial neglect sites tested by line bisection have a variable location in the human cortex; ie, no small cortical area was found that is constantly involved in spatial neglect, although all areas found lay within the boundaries of the areas classically thought to be involved in spatial neglect: the right inferior parietal lobe, posterior part of temporal areas, and lateral frontal cortex. 7 The second main finding is the detection of cortical areas involved in left and in right hemispace, sometimes in the same patient. Third, it was also found that neglect can result from damage to the occipitofrontal and superior longitudinal II fascicles, as a disconnection syndrome. 6, 41 Finally, stimulation of the frontal eye field, a zone between the superior and middle frontal gyri, induced line bisection deviations in our patients, although we considered this phenomenon to be not specific of spatial neglect testing. A crucial point is that according to these results, each hemispatial attention field could be encoded by discrete groups of neurons involved in either left or right spatial attention. Although we want to remain prudent explaining this phenomenon, this is not in disagreement with previous models of spatial neglect. 5 According to a classic model of spatial neglect based on brain-damaged patients described by Mesulam, 5 neurons in the left hemisphere attribute salience to the right side of events, whereas the right hemisphere devotes more neuronal resources to spatial attention and attributes salience to both sides of events. According to our results, inactivation by electrostimulation of a group of essential neurons coding for left hemispace would devote more neuronal resource to the right hemisphere, and the patient would bisect the line rightward. As left ones, right hemispheric neurons could code only for 1 hemispace, and by inactivation of neurons coding for right hemispace, the patient would tend to bisect the line on the left.
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The composite and highly individual spatial neglect maps generated in this study may be linked to cytoarchitectonic studies showing high variability of cortical microstructures within the inferior parietal lobe. 43 The results of this study argue against a critical and constant cortical area devoted to spatial attention cortex; instead, within the classic temporoparietal region, there may be a more variable ''spatial map'' that is specific to the individual. This variability could account for some of the difficulty in determining the exact location in humans of the cortical structures involved in spatial neglect. 4 Other hypotheses could be raised to explain this variability such as the influence of epileptic activity and slow-growing tumors, which can have an effect on the organization of function. 44 
Electrophysiological Issues
On the basis of previous language electrostimulation mapping studies, we hypothesized that electrostimulation inactivated neural structures involved in spatial attention. We used a low stimulation frequency known to activate preferentially local cortical cells 45 or afferent inputs of the stimulated area. Nevertheless, it is not impossible that we also affected fibers of passage. As shown in experimental models, 16, 17 the stimulation remained very accurately localized in cortex or in white matter; a small displacement (1 cm) of the electrode into an adjacent subcortical or cortical area (located in the same gyrus) made the interference disappear. It is supposed that a brain network is specifically involved in spatial attention. 5, 6 Our electric reversible inactivation of a single group of cortical neurons or of a single fascicle was not immediately compensated for by other components of this network. Electrostimulation inactivated not all neural structures participating in spatial attention but those that were essential, the cortical ''nodes'' of this neural system or its white matter pathways.
Once chosen for a patient with electrocorticography, we kept the same intensity of stimulation during the patient's electrostimulation procedure. It has been shown that the level of electric current inducing neuron inactivation in humans is rather variable between patients 13, 14, 28 but that the level of electric current inducing neuron inactivation in humans can also vary among different groups of neurons in a same patient. 46 As in language mapping, in which the variation of the intensity of stimulation can induce slightly different responses, 46 it could be hypothesized that inactivation of a highly localized group of neurons could induce less or more pronounced spatial neglect (degrees of induced line deviations were variable). The influence of the variation of intensity of stimulation on degree of line deviation could be tested in some selected and controlled cases in the future.
Clinical Relevance
The main question for neurosurgeons, oncologists, or other physicians involved in brain tumor treatment is how to achieve a tumor resection that is as complete as possible, a key factor in the prognosis of low-and high-grade gliomas. 47 The second main issue is preservation of brain functions, with preoperative and postoperative clinical status also having major prognostic implications. 47 Spatial attention is an important function, neglect being associated with poor functional recovery in reading, writing, and basic self-care skills. 48 In terms of function and level of tumor resection, individual evaluation should be the rule, although function should be preserved. In low-grade gliomas and considering possible plasticity phenomenon, a ''second look'' operation can be proposed to patients if the first resection was limited by functional issues.
In brain tumor or epilepsy surgery, the right side of the brain has been much less studied by neurosurgeons than the left side. 10, 11 Since the beginning of electrostimulation in brain surgery with the seminal article by Cushing in 1909, 49 most studies have dealt with the left hemisphere and language. In this study, we showed that spatial neglect brain mapping is possible in the right hemisphere and that a line bisection task during brain mapping is a reliable predictive indicator of spatial neglect. It also seems that line bisection mapping can be reproducible over time in light of the site tested again during a reoperation (patient 24), although we know little about possible plasticity phenomena occurring in the patients in this series. In our study, we evaluated postoperatively 14 cases with ''negative'' maps (no positive site found). One patient of this group had a postoperative neglect. What is the value of these negative brain mappings? When no positive site is detected, the reason is that no site exists, and the surgeon can be rather confident during tumor removal. But another possibility can be put forward: A site exists, but for various reasons (site not in the cortical surface but located deep in a sulcus for instance), it is not detected by electrostimulation. In this last case, this site can be undetected but spared because it is far from the surgical approach. This potential positive site can also not be detected and removed by the surgeon, but after the operation, the patient has no postoperative neglect because of rapid recovery phenomena. These cases illustrate the difficulties of interpreting negative maps. Finally, we emphasize the role of subcortical pathways involved in spatial attention. Subcortical pathway sparing can be considered a major surgical issue because all our patients with postoperative neglect had subcortical resection. We found that sparing the superior longitudinal fascicle II 50 and the inferior occipitofrontal fascicle was essential to avoid neglect in operated patients. On the other hand, we detected no induced line deviation stimulating the region of the inferior longitudinal fascicle. Other studies emphasized the role of subcortical structures because persistent neglect in patients is often seen in large lesions with subcortical extensions 51 or with small cortical damage with strategically placed white matter lesions. 52 This study has some limitations. First, we have 3 patients in whom we have no direct explanation of the discrepancies observed between brain mapping and clinical results. In the new neglect case, we could have missed a positive cortical site located not on the surface of the gyri but deep in the sulci; unvisualized network or subcortical disruption could also be involved in this discrepancy. In the 2 patients with no neglect after positive area removal, several hypothesis could be raised such as other cortical or subcortical areas rapidly compensating patient's hemineglect. Another point is that subcortical stimulations were rarely positive; many factors could be put forward to explain this phenomenon:
Are the levels of intensity for subcortical and cortical stimulations the same? Do tasks other than line bisection give better results for subcortical stimulations? Regarding line bisection results, it seems that rightward deviations are less pronounced when patients are lying down than standing. 53 Finally, we did not study other aspects of neglect syndrome (such as hemiextinction and anosognosia or by testing vertical deviations during line bisection), considering these components of neglect less important and not knowing whether they could be tested reliably with electrostimulation in combination with a task. Thus, the spatial neglect map could be made more complex, as illustrated by some authors who tested other spatial tasks with electrostimulation. Zacks et al 54 reported a case in which electric stimulation of the right parietal cortex selectively interfered with performance of a mental rotation task. Fried et al, 55 using line orientation matching tasks and electrostimulation in 10 epileptic patients, found that the parieto-occipital junction and the homolog of the Broca area in the right hemisphere were involved in visuospatial tasks.
Nevertheless, our findings suggest that a tailored craniotomy during awake surgery in conjunction with negative line bisection mapping and sparing of the positive areas can be an indispensible tool to maximize resection and to minimize postoperative functional disability in right hemispheric brain lesions. There was discordance between brain mapping findings and postoperative neglect evaluation in 3 patients: 2 patients had no spatial neglect whereas the cortical line bisection areas were removed; in these patients, tumors were large and subcortical structures could be missed during resection. One patient had spatial neglect whereas no line bisection area was found.
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